An effect of nuclear elastic scattering on the rate coefficient of fusion reaction between field deuteron and triton in the presence of neutral beam injection heating is studied. Without assuming a Maxwellian for bulk-ion distribution function, the Boltzmann-Fokker-Planck ͑BFP͒ equations for field ͑bulk͒ deuteron, field ͑bulk͒ triton, ␣-particle, and beam deuteron are simultaneously solved in an ITER-like deuterium-tritium thermonuclear plasma ͓R. Aymar, Fusion Eng. Des. 55, 107 ͑2001͔͒. The BFP calculation shows that enhancement of the reaction rate coefficient due to knock-on tail formation in fuel-ion distribution functions becomes appreciable, especially in the case of low-density operations. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2734185͔
It is well known that for energetic ions, nuclear elastic scattering ͑NES͒ contributes to a slowing-down process. In a conceptual design of next-generation fusion device, use of beam energy more than 1 MeV is considered. In such a case, NES effects on slowing down a beam particle may not be negligible compared with those due to Coulomb collision. While the Coulomb scattering process is characterized by many small-energy-transfer events, NES is a nonCoulombic, large-angle scattering process.
1,2 A large fraction of fast ion energy is transferred to thermal component in a single NES event, which knocks a thermal ion up to the high-energy range and creates a suprathermal ͑non-Maxwellian-tail͒ component in fuel-ion distribution function.
A knock-on tail formation in fuel ion distribution function due to NES and its effect on the fusion reaction rate coefficient has been examined in various plasmas.
1-14 For magnetically confined deuterium-tritium ͑DT͒ thermonuclear plasma, a knock-on tail formation ͑production of suprathermal ion͒ by NES of fusion-produced ␣-particle was experimentally ascertained. 4, 5 A knock-on tail in impurity ion distribution function 6, 7 and a knock-on tail effect on the emitted-neutron spectrum 8, 9 were calculated. The calculations have been made on the basis of a model [6] [7] [8] [9] in which the Boltzmann-Fokker-Planck ͑BFP͒ equation is solved only for a "knock-on ion." In the model, the temperature of a field ͑bulk͒ ion is presumed ͑bulk distribution functions are assumed to be Maxwellian͒. When an important physics is determined mainly by a high-energy ͑knock-on ion͒ component, e.g., when we evaluate a broadened neutron spectrum, the model is useful and has many benefits. To evaluate the reaction rate coefficient, however, it would be important to estimate the distortion of "bulk-ion distribution" itself. This is because the T͑d,n͒ 4 He cross section has a peak around ϳ100 keV deuteron energy in the laboratory system, and the rate coefficient is influenced by the distribution function in both thermal and high-energy ranges. We have previously developed the model in which the BFP equation for total, i.e., bulk plus tail, distribution function is consistently solved without separating. 10, 11 Recently, on the basis of the predeveloped model, 10, 11 NES effects on a fractional energy deposition to ions 12, 13 and the T͑d,n͒ 4 He reaction rate coefficient 14 were examined. Insofar as we consider the knock-on tail formation by a fusion-produced ␣-particle, its effect on the T͑d,n͒ 4 He reaction rate coefficient in a DT plasma has been predicted to be small. 14 In previous studies, most attention has been paid to the fusion-produced ␣-particle; 4-9,14 the contribution of deuteron-deuteron and deuteron-triton NES has not been considered. However, how about the tail formation by a deuterium beam with ϳ1 MeV energy? The NES cross section between a 1 MeV deuteron and thermal deuteron is 2 -3 times larger than that of a 3.52 MeV ␣-particle. Furthermore, although the knock-on tail due to NES of an ␣-particle is formed at ϳMeV energy range in a fuel-ion distribution function, the tail due to a ϳ1 MeV deuterium beam is created in a narrower and lower energy range where the T͑d,n͒ 4 He fusion cross section is adequately large. The energetic ions having energy above 1 MeV appear and play an important role in various stages of plasma burning operations in the forthcoming ITER. It is important to grasp the characteristics of the knock-on tail formation and its effect on the T͑d,n͒ 4 He reaction rate coefficient. We newly include the influence of NES between beam-deuteron and field deuteron ͑triton͒, and evaluate the NES effect on the T͑d,n͒ 4 He reaction rate coefficient.
A DT plasma accompanied with injection of a monoenergetic deuterium beam is considered. Now we consider four kinds of ion species; i.e., field D, field T, beam D, and ␣-particle ͑see Table I͒. The deuterons are divided into a beam component ͑beam D͒, which is injected into plasmas, and a field one ͑field D͒. The contribution of beam-beam, beam-thermal, and thermal-thermal fusion was experimentally 15 and analytically 16 examined. In this paper we assume the ITER-class plasma, 17 i.e., ϳMeV energy beam injection and 800 m 3 plasma volume; thus, the contribution of the beam-beam and beam-thermal fusion reactions would be smaller than that in the current experiments. As a first step, we focus our attention only on the fusion reaction between field D and T.
The BFP equation for ion species a ͑a= field D, T, beam D, and ␣-particle͒ is written as
where f a ͑v͒ is the velocity distribution function of the species a. The first term in the right-hand side of Eq. ͑1͒ represents the effect of the Coulomb collisions. 18 The summation is taken over all background species; i.e., j=field D, T, beam D, ␣-particle, and electron. The collision term is hence nonlinear, retaining collisions between ions of the same species. The second term accounts for the NES [10] [11] [12] 14 of species a by background ions. We consider NES between ͑1͒ beam D and field D, ͑2͒ beam D and T, ͑3͒ ␣-particle and field D, and ͑4͒ ␣ and T. NES cross sections are taken from the work of Cullen and Perkins. 2 The third term in the right-hand side of Eq. ͑1͒ represents the diffusion in velocity space due to thermal conduction. To incorporate the unknown loss mechanism of energetic ions into the analysis, we simulate the velocity dependence of the energy loss due to thermal conduction and the particle-loss time by using the dimensionless parameter ␥ ͑see Ref. 12͒ .
The source ͓S a ͑v͔͒ and loss ͓L a ͑v͔͒ terms take different forms for every ion species. For injected beam ion and ␣-particle, the source and loss terms are described so that the beam injection ͑␣-generating͒ and loss are balancing. [10] [11] [12] 14 For field deuteron and triton, the source and loss terms can be expressed as
Here, v D͑T͒ fueling , indicates the speed of the fueled particle, which is much smaller than the thermal speed ͑nearly equal to zero͒. The fueling rates S D and S T are determined so that the deuteron and triton densities are kept constant, i.e., S D͑T͒ = n D͑T͒ / p + n D n T ͗v͘ DT . The T͑d,n͒ 4 He reaction rate coefficient is written as
͑4͒
To estimate the degree of the reactivity enhancement due to tail ͑non-Maxwellian component͒ formation by NES, we compare the obtained fusion reaction rate coefficient with the one when both deuteron and triton distributions are assumed to be Maxwellian. For this purpose, we must identify the temperature of bulk ͑Maxwellian͒ component in deuteron and triton distribution functions. The bulk temperature of field deuteron T bulk D ͑triton T bulk T ͒ is determined by comparing the bulk component of the obtained field deuteron ͑triton͒ distribution function with Maxwellian by mean of the leastsquares fitting. An averaged bulk temperature T bulk is obtained as
To quantitatively estimate the degree of the enhancement of the reaction rate coefficient, we introduce the reactivity enhancement parameter = ͑͗v͘ T͑d,n͒ 4 He / ͗v͘ T͑d,n͒ 4 
He
Maxwell −1͒ ϫ 100 ͓%͔. Here, ͗v͘ T͑d,n͒ 4 He Maxwell is the T͑d,n͒ 4 He fusion reaction rate coefficient when both deuteron and triton distribution functions are Maxwellian at temperatureT bulk . The T͑d,n͒ 4 He fusion cross sections are taken from the work of Bosch and Hale. 19 In Fig. 1 we first show f D , f beam , and f T as a function of deuteron and triton energy when a 1 MeV monoenergetic beam is injected. The solid lines indicate the present calculations ͑field D and T͒, while the broken lines denote Maxwellian at temperature T bulk . The dotted lines represent the beam-D distribution functions. All the distribution functions are normalized so that the integrations over the velocity space become unity. The beam injection power P NBI = 20 MW, the electron temperature T e = 20 keV, confinement times E = ͑1/2͒ p = 3 s for D and T, E = ͑1/3͒ p = 3 s for ␣-particle and ␥ = 4 are assumed. The knock-on tails are created in both field deuteron and triton distribution functions due to NES of the injected beam ion and ␣-particle. The tail due to NES of beam D appears around several hundreds keV energy range, while the one due to NES of the fusionproduced ␣-particle is formed in the energy range above 1 MeV. The suprathermal component in the field deuteron distribution function is found to be somewhat larger than that in the triton distribution function. This is because the D-D NES cross section is larger than that of the D-T one. It is also found that when the fuel-ion density is low, the difference between the obtained distribution function and the Maxwellian one is more conspicuous. This is because the slowing down of the knock-on tail component is weakened in low- In Fig. 2 , the enhancement parameter is presented as a function of beam-injection energies for several electron densities. The calculation conditions are the same as those in Fig. 1 . For low densities and for high beam-injection energies, the degree of the increment in the number of the "reactive" ions, which have the energy where the T͑d,n͒ 4 He fusion cross section has a peak ͓ϳ100 ͑ϳ160͒ keV deuteron ͑triton͒ energy in the laboratory system͔ increases from the values for Maxwellian. This is the reason the enhancement parameter is large for low densities and for high beaminjection energies.
In Fig. 3 , we next show the enhancement parameter as a function of electron temperature. The beam-injection energy E NBI = 1 MeV and power P NBI = 20 MW are assumed. In the low-temperature range, the slowing down of energetic ions is intensified, and the fraction of the knock-on tail component to the thermal one in field-ion distribution functions becomes relatively small. At the high-temperature range, the relative velocity between beam ͑␣-particle͒ and field ion is small, and the contribution of NES on the slowing-down process is reduced compared with the Coulomb one. When T e = 20 keV and n e =4ϫ 10 19 m −3 , the rate coefficient between beam D ͓see Fig. 1͑a͔͒ When no external ͑beam-injection͒ heating is made, the enhancement of the T͑d,n͒ 4 He reaction rate coefficient due to NES by a fusion-produced ␣-particle was evaluated.
14 To verify the present code, we made a calculation assuming considerably small beam-injection power in the same condition as the one in Ref. 14 for self-sustaining plasma state; i.e., 
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The enhancement parameter was evaluated as 1.4%, which well agreed with the value in Ref. 14; i.e., 1.1%. We have studied the NES effect on the T͑d,n͒ 4 He reaction rate coefficient by solving the BFP equations for "bulk" deuteron and "bulk" triton simultaneously with ones for beam deuteron and ␣-particles. The enhancement of the rate coefficient becomes appreciable in low-density plasmas, i.e., n e Յ 4 ϫ 10 19 m −3 , and is negligible when n e Ͼ 4 ϫ 10 19 m −3 . The enhancement in the 14 MeV neutron emission rate due to knock-on tail formation can become comparable to that of the beam-fusion rate in some cases. Short confinement time ͑as well as low density͒ also tends to weaken a relaxation of the recoil ion toward Maxwellian, which may enhance the NES effect. In this paper, calculations were made for given plasma densities and electron temperature, and effective ion temperature was determined from the BFP simulation. In this treatment, to further improve the precision, detailed information for confinement time, e.g., velocity and plasmaparameter dependencies, must be given. If degree of validation of the ion temperature can be reduced for some reasons not included in the present model, the enhancement of the rate coefficient may be smaller ͑larger͒ in the low ͑high͒ density range. In this paper, the contribution of the largeangle Coulomb scattering has not been included. To include the effect, more detailed simulations that take account of asymmetric scattering in the center-of-mass system is necessary.
